We have previously demonstrated that human mesenchymal stem cells (hMSCs) migrate toward human keratinocytes as well as toward conditioned medium from cultured human keratinocytes (KCM) indicating that the hMSCs respond to signals from keratinocytes [1] . Using fluorescently labeled cells we now show that in vitro hMSCs appear to surround keratinocytes, and this organization is recapitulated in vivo. Incubation of hMSCs with KCM induced dermal myofibroblast like differentiation characterized by expression of cytoskeletal markers and increased expression of cytokines including SDF-1, IL-8, IL-6 and CXCL5. Interaction of keratinocytes with hMSCs appears to be important in the wound healing process. Therapeutic efficacy of hMSCs in wound healing was examined in two animal models representing normal and chronic wound healing. Accelerated wound healing was observed
Introduction
Wound healing is a complex but well-coordinated process comprising of an inflammatory reaction, a proliferative process leading to tissue restoration, angiogenesis and formation of extracellular matrix accompanied by scar tissue remodeling. Cellular participants as well as multiple growth factors and cytokines released by the cells at the wound site regulate these processes finally resulting in wound closure. Deregulated healing process may delay repair leading to chronic wounds that are expensive and difficult to heal and may also result in excessive fibrosis leading to keloid formation [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Treatment of chronic wounds remains difficult in spite of increased understanding of underlying biologic principles of chronic wounds, significant developments including use of recombinant growth factors, bioengineered skin equivalents and overall improvement in standards of wound care [12] [13] [14] [15] [16] [17] . Clinical trials using bone marrow derived mesenchymal stem cells (BMD-hMSCs) in myocardial infarctions and graft versus host disease have recently been launched [18] [19] [20] [21] [22] [23] [24] [25] [26] , and encourage investigation of BMD-hMSCs for use in wound healing, particularly chronic wound healing.
The bone marrow is known to harbor two major types of stem cells, the hematopoietic stem cell and the non-hematopoietic or mesenchymal stromal/ stem cell, termed BMD-hMSCs. Under appropriate culture conditions, MSCs can give rise to cells of muscle, bone, fat, and cartilage lineage [23] . Like true stem cells, MSCs have the capacity for self-renewal and differentiation, and based on this potential, MSCs hold promise for clinical applications for regenerative medicine as well as for use as delivery vehicles [27] [28] [29] . We have previously demonstrated that BMD-hMSCs differentiate into myofibroblast like cells that resemble carcinoma associated myofibroblasts when exposed to tumor cell conditioned medium for prolonged periods of time [30] .
Myofibroblasts are specialized fibroblastic cells that appear transiently during skin wound healing but persist in and remain overactive in fibrocontractive diseases such as hypertrophic scars [31, 32] . In vivo, myofibroblasts are known to be responsible for generation of mechanical forces allowing tissue contraction and wound healing [32] [33] [34] . Contraction depends on both alpha-smooth muscle actin (α-SMA) expression within cellular stress fibers, and assembly of large focal adhesions linking myofibroblasts to the matrix [35, 36] . The contractile forces generated during human dermal wound healing are thought to be due to the differentiation of human dermal fibroblasts (HDFs) into smooth muscle-like cells called human dermal myofibroblasts (HDMs) which are distinguished by their structural features and expression of alphasmooth muscle actin stress fibers [37, 38] . MSCs are known to migrate to various in vivo locations, including sites of hematopoiesis such as the bone marrow, sites of inflammation and sites of injury [27, [39] [40] [41] . The ability of MSCs to migrate to areas of injury suggests that they may play a role in the recovery process following injury. It has been shown recently that there is an increase in the number of circulating mesenchymal bone marrow stem cells in peripheral blood of patients with severe burns as compared with normal donors [42] . Moreover, systemically administered MSCs have been shown to improve recovery in animal models of stroke and myocardial infarction [24, 43] .
Although murine bone marrow derived MSCs have been shown to be effective in animal models of wound healing [44] [45] [46] , no data is available regarding the efficacy of BMD-hMSCs for such use nor is there a complete understanding of the mechanism of action of MSCs in the wound healing process. We have demonstrated previously that fluorescent dye labeled hMSCs when transplanted locally at wound site appeared to migrate towards the repair site in the wounded skin indicating that they may participate directly in wound healing [1] . The hMSCs were also found to migrate toward keratinocytes as well as to keratinocyte as well as to KCM in greater numbers than to control medium. Thus, exposure to secreted factors such as cytokines present in KCM may "prime" hMSCs to respond and migrate towards keratinocytes. We now report on characterization of keratinocyte induced differentiation in MSCs.
Methods

Isolation of BMD-hMSCs and Culture Conditions
A Ficoll gradient was utilized to eliminate unwanted cell types and to isolate hMSCs from unprocessed bone marrow (36 × 10 6 cells/ml, purchased from Lonza, Walkersville, Md). Harvested cells were then plated with Mesencult media containing hMSC stimulatory supplements and fetal bovine serum (FBS) for hMSCs. Clones were isolated from established cultures and expanded in the same medium. Once cultures were established, several clones were isolated and expanded in culture in the same medium. Established cultures were maintained in minimum essential media (α-MEM) containing 10% FBS and penicillin/streptomycin. The cultures were incubated at 37 • C in a humidified atmosphere containing 5% CO 2 . Cell surface marker expression on cultured cells was quantified and validated by flow cytometry using FITC labeled Abs (BD Biosciences, San Jose, CA) and included Stro1, CD105, CD90, HLA-ABC and CD44 while they were negative for CD45, HLADR and CD11b [30] .
Multi Lineage Differentiation
Multipotent nature of hMSC was investigated in vitro by analyzing myogenic, osteogenic and adipogenic differentiation potential according to standard protocols as described before [23, 30] .
In-Vitro Migration Assay
Falcon 24 wells tissue culture plates along with adjustable companion Falcon cell culture inserts were utilized for the migration assay as described previously [30, 46] . Briefly, CM from keratinocytes (collected after overnight culture in fresh growth medium) or keratinocytes (1 × 10 4 ) were plated in the bottom chamber and incubated overnight at 37 • C, and 5% CO 2 . After 24 hours of incubation the insert was placed aseptically in the well with flanges resting in the notches on the top edge of each well. Naive hMSCs (2 × 10 4 ) were plated on the top. To measure hMSC migration through the membrane (8 μm pore size), cells were then stained after removal of cells remaining on the top with a wet Q-tip using crystal violet.
In-Vivo Migration Assay
HMSCs (5 × 10 5 ) were fluorescently labelled with CFDA-SE (green dye) and injected at the periphery of wounded skin subcutaneously. As a control, saline (100 µL) was subcutaneously injected near the wounds. After 48 h, wound areas were excised and immediately fixed and embedded in paraffin wax. Thin sections were prepared by cutting and placing it onto glass slides for staining with DAPI. Slides were observed under fluorescence microscope.
Co-Culture Assay In Vitro and In Vivo
To study the interaction and organization of hMSCs and keratinocytes, cells were prelabeled with CFDA-SE (green) and DIL (red) respectively and cultured in six well plates ( in 1:5 ratio). Pre-labeled cells were transplanted (1:5 ratio) locally at wound site and after four days wound areas were excised and immediately snap frozen in OCT cryoembedding compound using 2-methylbutane and liquid nitrogen. Tissue sections were then cut and observed under fluorescence microscope.
Exposure of hMSCs to Keratinocyte Conditioned Medium (KCM)
Normal human epithelial primary keratinocyte cell line (NHEK; C-12001) derived from foreskin (∼500,000 cells) was obtained from Promocell GmbH (Germany) and cultured in keratinocyte Growth medium (KGM; C-20011). KCM was harvested following overnight culture, centrifuged at 3000 rpm for 5 min and supernatant passed through Millipore sterile 50 ml filtration system with 0.45 μm PVDF membrane. HMSCs were exposed to freshly harvested KCM every third day, repeatedly for 30 days.
Floating Collagen Gel Contraction (FCGC) Assay
FCGC assay was performed as described earlier [47, 48] . One volume of a rat tail collagen (BD Biosciences, Bedford, MA) stock solution was brought to physiological ionic strength with one-ninth volume of NaHCO 3 . DMEM with FBS was added to the salt-balanced collagen stock to yield a solution of 0.555 mg/ml collagen with 10% FBS, pH 7.4. The collagen solution was maintained on ice. Meanwhile, wells of 24 well tissue culture plates were coated with 1% agarose and allowed to solidify. HMSC, KCMSC and KGMSC (6 × 10 4 cells) were mixed in rat tail collagen (500 μl/well) in a volume ratio of 1:9 to yield gels with a final concentration of 0.5 mg/ml of collagen and added to each well, polymerized in the tissue culture incubator, and induced to freely float by addition of DMEM with reconstituted 10% FBS. After 2 h, floatation of gel was observed/confirmed visually and the gels were returned to the tissue culture incubator to initiate contraction for 24-48 h. Symmetry of contracted gel was compared between no treatment, hMSC, KCMSC and KGMSC and measured using the publicly available NIH Image program (U.S. National Institutes of Health, http://rsb.itffo.nih.gov/nih-image/) with an edge enhancement filter.
Microarray Analysis
For microarray analysis, incubated cells were harvested after exposure to KCM or KGM and RNA was extracted using standard RNeasy mini kit (as described by Qiagen Sciences, MD). Total 5 μg of RNA was processed for micro array analysis following verification of quality at the institute's DNA micro array core facility. The RNA was reverse transcribed and hybridized to Affymetrix Gene Chip Human Genome U133 Plus 2.0 array-comprised of more than 54,000 probe sets and 1,300,000 distinct oligonucleotide features and analyzes the expression level of more than 47,000 transcripts and variants, including 38,500 well-characterized human genes. To control for intra-sample variation in gene expression analysis, three independent sets for each of the experimental conditions were established. Data normalization was performed by applying the RMA method implemented in the library affy of the Bioconductor software (www.bioconductor.org). Comparative analyses of expressed genes that were either down regulated or up regulated under various experimental conditions by greater than 1.5 fold (p value <0.05 and false discovery rate(FDR) <0.25 for signal-to noise ratio (SNR), expressed in log 2) was carried out using the GenePattern software (Broad Institute). Pathway analysis was executed by utilizing the Gene Set Enrichment Analysis software (Broad Institute) and KEGG gene expression analysis software.
Measurement of CXCL5 (ENA-78) Protein Levels by ELISA
KCMSC, KGMSC were maintained in the established native medium, simultaneously MSCs and keratinocytes were co-cultured (1:5) in the serum free keratinocyte growth medium (Promocell; Germany) and cell alone (MSC & keratinocyte) was grown as a control. ELISA for CXCL5 protein was performed on cell free supernatants using the Quantikine human ENA-78 ELISA kit according to the manufacturer's protocol (R&D Systems).
Induction of Wounds and Measurement of Wound Areas
A cohort of mice (strain: male nu/nu, and NODSCID mice; age: 4-5 weeks from Taconic Farms, NY) was utilized for this experiment. Wound induction was performed based on institute's approved animal protocol and as described in our previous publication [1] . Briefly, mice were anesthetized with ketamine/xylazine and alcohol wipes were used to sterilize the skin surface. The NODSCID mice were shaved on the back to expose skin for wound induction. Approximately 30 to 50 mm 2 of wound was established on the back of each mouse. Also deep wounds of approximately 120-140 mm 2 area were established aseptically. The wounds were aseptically covered with transparent adhesive bandage for 48 h post wounding. Defined quantities (5 × 10 5 ) of human mesenchymal stem cells either fluorescently labeled, alone or in conjunction with fluorescently labeled keratinocytes were injected subcutaneously in the periphery of each wound (in experimental group). 100 µL of saline was injected subcutaneously near the established wounds in one control group and, WI38 fibroblast cells were injected in an another control group.
Immunofluorescence Analysis
The following antibodies were used for immunofluorescence studies: monoclonal Anti Vinculin antibody ( Phalloidin-Tetramethylrhodamine B isothiocyanate (50 μg/ml) was obtained from Sigma-Aldrich and 4', 6-diamidino-2-phenylindole (DAPI) from Vector Laboratories. Immunostaining was performed on cells grown on sterilized coverslips in 12-well plates. The cells were fixed in 4% paraformaldehyde (at room temperature, 10 min), washed with 1x PBS followed by permeabilization with 0.1% Triton X-100 for 10 min. Cells were again washed, exposed to blocking medium (α-MEM) with 10% FBS, and then incubated with primary antibodies (Vinculin, α-SMA, FSP, vimentin) for 1 h at room temperature. After 5 subsequent washes with PBS for 5 min each, cells were immunostained with secondary antibodies at a dilution of 1:400 in a blocking medium. Secondary antibodies used were Alexa Fluor 488P (Ab') 2, IgG (H+L), and Alexa Fluor 555 anti-mouse IgM (1:400; SigmaAldrich). When cells were concomitantly stained for actin stress fibers, they were incubated with Phalloidin-Tetramethylrhodamine B isothiocyanate (50 μg/ml) with the secondary antibody. Following few further washes, the cells were counterstained with the nuclear dye TOPRO-3 iodide (1:1,000; Invitrogen, Molecular Probes) in PBS (Life Technologies) at room temperature in the dark, followed by subsequent washing. Cells were embedded in Vecta Shield mounting medium with DAPI and examined with the fluorescence and confocal microscope. The naïve and differentiated hMSCs were quantitated for expression of myofibroblast specific markers. Total cell number was obtained by counting the total number of DAPI stained nuclei under the microscope.
Percentage of marker expressing cells to the total number of the cells was calculated.
Flow Cytometry
KCMSCs and KGMSCs were collected and washed in washing buffer (1xPBS, 2% FBS and 0.01% Sodium Azide). 50,000 cells were stained with anti CD34 (Becton Dickinson), anti CD90 (BD Bio.), anti-CD105 (Caltag), CD45, (Caltag), anti-CD44 (BD Biosciences) and anti-Flk-1. As control, KCMSCs AND KGMSCS also stained with IgG-FITC, IgG-PE, IgG-APC. After 45 min cells were washed and stained with 7AAD. Cells were analyzed using Beckton Dickinson FACS scan software.
Results
Intrinsic Organization of Cocultured MSCs and Keratinocytes In Vitro is Recapitulated In Vivo
Dye labeled MSCs (CFDA-SE, green) and keratinocytes (DIL, red) were observed to organize in a manner such that the green MSCs encircled the red keratinocytes when cocultured in vitro (Figure 1a 
Prolonged Exposure to KCM Induces Differentiation of BMD-hMSCs with Expression of Dermal Myofibroblast Markers and Increased Expression of Cytokines
KCM induced expression of cytoskeletal markers vinculin and F-actin filaments in differentiated hMSCs further indicated dermal myofibroblast-like differentiation in KCMSCs (Figure 1j-m) . KCMSCs also show punctate vinculin staining, characteristic of focal adhesions. The focal adhesions appear to hold down actin stress fibers, as evidenced by colocalization of punctate vinculin on phalloidin stained actin fibers (Figure 1g ). Phalloidin positive visible stress fibers were also positive for alpha smooth muscle actin. KGMSCs expressed less alpha smooth muscle actin (Figure 1j ), while KCMSC expressed increased amounts of vinculin and alpha smooth muscle actin. (Figure 1g , h and j). Quantitative analysis revealed that on average 75.3% of KCMSCs expressed alpha smooth actin whereas only 29.2% of the KGMSCs expressed this marker (Figure 1m) . Myofibroblast markers such as fibroblast surface protein and vimentin expression was observed in both KCMSCs and KGMSCs (Figure 1m ). The induction of α-SMA, F-actin and punctate vinculin staining are all consistent with induction of differentiation of hMSCs into dermal myofibroblast like cells by KCM exposure. Increased expression of CD90 and CD45 further indicated that hMSCs had differentiated to myofibroblast like cells (not shown). Augmentation of cytokine secretion was seen upon culturing MSCs in KCM (Figure 2a) . Robust increase in secreted levels were observed for IL-6, IL-8, SDF-1 and CXCL5 among the panel of 12 cytokines examined in conditioned medium collected from KCMSC versus KGMSC (Figure 2b ). RT-PCR analysis was also performed to verify increased production of SDF-1 and CXCL5 mRNA in KCMSCs versus KGMSCs (Figure 3a) , ELISA assay for CXCL5 (Figure 3b ) and also by QRT-PCR for SDF-1 (Figure 3c ).
Gene Expression Analysis of KCMSC
The effect of prolonged exposure to KCM vs control media (KGM) on gene expression of hMSCs was assayed by cDNA microarray profiling using the Affymetrix U133 Plus 2 array. The observed increased cytokine expressions are consistent with the gene-expression microarray data also showing increased expression of these cytokines/chemokines signaling in KCMSCs (Figure 4a and b) . Pathway analysis using GSEA and KEGG, confirmed that the following pathways were increased by greater than 2 fold in KCMSC versus KGMSC: cytokine-cytokine receptor interactions, cell adhesion molecules, tight junctions, NF-kB target genes, chemokine activity and extra cellular regions. The heat map for top 20 upregulated genes in hMSCs exposed to KCM is shown in Figure 4b and list of top 100 genes are shown in Table 1 . The entire data set has been submitted to the GEO database and is given the accession number GSE 13073. The data can be viewed at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13073.
Amongst the top 100 genes most upregulated by exposure to KCM were genes associated with cytokine signaling (IL-8, CXCL5, IL-6, CXCL12/ SDF-1), cell adhesion (CADM3, CLDN1, NRCAM, ICAM1, and CLDN11), and myofibroblast differentiation (MYOCD and MYO). These data demonstrated KCM exposure induces production of a set of cytokines known to be important in wound healing, and a set of genes associated with myofibroblast differentiation. We next examined the functionality of differentiated myofibroblasts in vitro and in vivo. 
Floating Gel Contraction
HMSCs and KCMSCs were able to contract the collagen gel significantly when compared with KGMSCs and no treatment control indicating that differentiated myofibroblasts retained functional activity in the floating gel contraction assay ( Figure 5 a & a.1). 
Wound Healing in Two Different Mouse Models (Nude and NOD/SCID)
To evaluate effect of human bone marrow derived MSCs on wound healing, wound area following administration of 5 × 10 5 hMSCs, 5 × 10 5 WI-38 cells, or saline control was measured over 15 days in the nude mouse model and 25 days in the NOD/SCID model. Quantification of the wound area indicated that mice administered MSCs showed accelerated wound healing in both models, compared with either WI-38 treated or saline-treated controls. In the nude mouse model, healing was completed between 6-8 days for MSC and KCMSC application, while in the untreated and in the WI38 treated groups, healing required longer than 13-14 days (Figure 5 b, b.1, b.2) . HMSCs when applied to deep wounds also showed superior wound closure with less residual scarring as compared to natural healing. HMSCs (1×10 6 ) were transplanted locally in deep wounds (Figure 5c 
Discussion
In the present study, we demonstrate that incubation of hMSCs with keratinocye conditioned medium induced dermal myofibroblast like differentiation characterized by increased immunofluorescence staining for alpha smooth muscle actin and increased expression of myocardin, myosin and COL4A. Accelerated wound healing was observed when hMSCs were transplanted locally near the site of incisional/excisional wounds in athymic (Nu/Nu) mice and in NOD/SCID (non-obese diabetic SCID) mice when compared with healing in presence of normal human fetal lung fibroblast WI38 cells or saline control. Long term follow up of wound healing revealed that in the hMSC treated animals, there was little evidence of residual scarring although natural wound healing as well as healing in the presence of lysates or concentrates was accompanied by scar formation underscoring the importance of myofibroblasts in prevention of scarring. More importantly, long-term follow up did not show any adverse reaction to administration of hMSCs in the animals. Impaired recruitment of MSCs and therefore reduced number of myofibroblasts can impede wound closure as myofibroblasts have been shown to be key cells in wound contraction leading to wound closure. By administering hMSCs at wound site we ensured that an adequate number of myofibroblasts were available and contributed to proper wound closure. The high contractile force generated by myofibroblasts is beneficial for physiological tissue remodeling but detrimental for tissue function when it becomes excessive such as in hypertrophic scars, in virtually all fibrotic diseases and during stroma reaction to tumors [34, 38] .
Recent understanding of the molecular and cellular events underlying wound healing suggests that epithelial-mesenchymal interaction is important in wound healing process. No increase in expression of cytokeratin was observed (not shown) indicating that mesenchymal to epithelial transition was unlikely following exposure of MSCs to KCM. This is in contrast to the finding of Sasaki et al. [50] who found evidence of mesenchymal epithelial differentiation in wound healing. However, it has also been reported that hMSCs did not differentiate into E-cadherin or cytokeratin expressing cells under optimized culture conditions for keratinocytes, but differentiated into myofibroblast like cells capable of contracting the extracellular matrix [51] . During the granulation phase of wound healing, mesenchymal cells are maximally activated in the granulation tissue leading to cell proliferation and synthesis of copious amounts of extracellular matrix. Epithelial cells in turn proliferate and form a layer over the newly formed matrix of mesenchymal cells in granulation tissue, leading to wound closure. Keratinocytes stimulate fibroblasts to synthesize growth factors, which in turn stimulate keratinocyte proliferation in a reciprocal manner. Of particular interest is the observed increase in CXCL5 (also known as ENA78, a known stimulator of keratinocytes), IL8, IL6 SDF-1 in KCMSCs. IL-8 and IL-6 have been shown to be involved in wound repair and keratinocyte/epidermal proliferation [52] [53] [54] which may explain the large increase in pancytokeratin positive cells observed upon immunohistochemical analyses of wound areas from animals receiving MSCs (not shown). Importantly, interaction of keratinocytes and MSCs results in increased expression of CXCL5 in the healing wound.
The organization of MSCs around the keratinocytes observed in vitro was also seen with locally transplanted fluorescent dye labeled MSCs and keratinocyes in vivo suggests that this interaction may play a role in wound repair in the granulation phase where the dermal myofibroblasts are generated by close interaction with keratinocytes [55] . Co-culture of keratinocyte and fibroblasts was previously shown to induce myofibroblast like differentiation by mutual gene induction pathways serving as an in vitro model for fibroblast induced paracrine stimulation of keratinocyte proliferation during wound healing [55, 56] . Our in vitro and in vivo results support and extend this observation.
Network analysis of genes upregulated in KCMSCs revealed that DARC (Duffy antigen receptor for chemokines) which binds to CXC and CC chemokines avidly may play an important role in the cytokine interplay between the keratinocytes and MSCs and thus play a major role in the wound healing process. Importance of DARC in inflammation and recruitment of neutrophils tosites of inflammation have been shown in several model systems [57, 58] . Duffy antigen receptor for chemokines (DARC) is a specific decoy receptor binding with the angiogenic CC and CXC chemokines. Recently Seeber et al. [59] demonstrated that DARC exists as a constitutive homooligomer in living cells and furthermore that DARC heterooligomerizes with the CC chemokine receptor CCR5. DARC-CCR5 interaction impairs chemotaxis and calcium flux through CCR5, whereas internalization of CCR5 in response to ligand binding remains unchanged. The results suggest a novel mechanism by which DARC could modulate inflammatory responses to chemokines in vivo.
Myofibroblasts produce and modify the extracellular matrix (ECM), secrete angiogenic and proinflammatory factors, and stimulate epithelial cell proliferation and invasion [52] . Myofibroblasts are normally induced transiently during wound healing, but inappropriate induction of myofibroblasts causes organ fibrosis, which greatly enhances the risk of subsequent cancer development. As myofibroblasts are also found in the reactive tumor stroma, the processes involved in their development and activation are an area of active investigation. We have demonstrated previously [30] that human bone marrow derived MSCs can differentiate into myofibroblasts resembling carcinoma associated fibroblasts when exposed to tumor conditioned medium for periods as long as 30 days. It will be important to determine whether differentiation of hMSCs into myofibroblasts that resemble CAF like cells is similar to myofibroblastic differentiation occurring in hMSCs exposed to KCM as reported here.
Additionally, we have preliminary evidence for differentiation of KCMSC into pericyte like cells with increased expression of markers such as CD31 (not shown). These pericytes may play a role in supporting neovascular structures arising in the repaired area. Thus hMSCs appear to participate in three important areas of wound repair viz. generation of myofibroblasts, formation of a matrix of appropriate tensile strength upon which new layers of dermis and epidermis are formed and supporting neovascular structures in the repaired wound. A recent report indicates that MSCs recruit macrophages and endothelial lineage cells to the wound site and further enhance wound healing [60] . All these results together suggest that hMSCs will be useful for regenerative purposes particularly for healing of chronic wounds.
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